A new hydroxylated derivative was efficiently prepared by transforming the natural anti-cancer product, piperlongumine, with Beauveria bassiana ATCC 7159. Its structure was determined to be 5-hydroxylpiperlongumine on the basis of the spectroscopic data. The absolute configuration at C-5 was established as R by Mosher's method.
Piper longum L. (Piperaceae), commonly known as ''long pepper,'' is widely distributed in the tropical and subtropical regions of the world. Used in cooking and traditional medicines throughout the Indian subcontinent, Middle Eastern countries and the Americas, the fruit exhibits various biological activities. [1] [2] [3] A series of compounds has been isolated from the fruits of P. longum, [4] [5] [6] including 1-[(2E)-3-(3,4,5-trimethoxyphenyl)-2-propenoyl]-5,6-dihydro-2(1H)-pyridinone (1, Fig. 1A ), also known as piperlongumine. Several studies have shown that 1 exhibited antiplatelet effects and inhibited leukemia cell proliferation; 5, 7) it has very recently been reported that 1 could selectively kill cancer cells by inhibiting anti-oxidative enzymes, while sparing normal cells. 8) Piperlongumine-induced apoptosis is therefore a promising and novel strategy for cancer therapy.
Beauveria bassiana ATCC 7159 is a filamentous fungus that has insecticidal activity by way of immunosuppression. 9) This genus has often been used as a model for the bioconversion of various substrates including terpenes, steroids, alkaloids and phenolic compounds. It is capable of catalyzing a variety of regio-and stereo-selective reactions, including hydroxylation, glycosylation, and reduction of double bonds and keto groups. [10] [11] [12] [13] This wide reactivity potential led us to hypothesize that 1 could be metabolized by this fungus to produce novel molecules with enhanced biological activities. It is known that both glycosylation and hydroxylation modulate pharmacology, 14, 15) hence the derivatives generated from these reactions may provide promising drug leads. We report here the preparation of new hydroxylated derivative 2 from the biotransformation of 1 with B. bassiana (Fig. 1A) .
Spores of B. bassiana ATCC 7159 were reconstituted from frozen stock in 1 mL of potato dextrose broth (PDB), plated on a potato dextrose agar (PDA) plate, and allowed to grow for 4 d at 28 C. One colony was then transferred from the plate into 50 mL of PDB. This culture was grown at 28 C with constant shaking at 250 rpm. After 3 d, 20 mL of this seed culture was used to inoculate four 2-L flasks, each containing 500 mL of fresh PDB. When the 500-mL cultures had turned a dark pink color and the cell density (wet weight) had reached approximately 64 g/L, each flask was inoculated with 625 mL of a solution composed of 100 mg of 1 dissolved in 2.5 mL of DMSO. The cultures in the four flasks were grown for an additional 4 d at 28
C and 250 rpm, before being harvested by filtration. The mycelial pellet was extracted with 500 mL of MeOH, and the supernatant was extracted three times with 1,400 mL of ethyl acetate. An HPLC analysis showed that most of the product was in the extract of the supernatant. This extract was therefore used for purification of the product. After evaporating the solvent, the resulting residue (478 mg) was subjected to reversed-phase preparative HPLC (Agilent Zorbax SB-C18 column, 5 mm, 21:2 Â 150 mm), eluting with 35% (v/v) aqueous acetonitrile at 3 mL/min, to yield 71.7 mg of 2 (68.3% yield). Compound 2 was obtained as a yellowish powder, ½ 23 D þ106:7 (c 0.12, MeOH). ESI-MS of 2 showed a major quasi-molecular ion peak ½M þ H þ at m=z 334. This indicated the molecular weight of 2 to be 333 Da, 16 mass units more than that of the substrate, suggesting that it was a hydroxylated product of 1. The NMR spectroscopic data for 2 were similar to those for 1, except that a methylene group signal at 2.48 (2H, m, H-5) in 1 was replaced by a signal assignable to an oxygen-bearing methine group at 4.55 (1H, q, 4.0 Hz) in 2. This CH signal showed correlations to H-4 ( 6.90) and H-6 ( 4.08) in the 1 H-1 H COSY spectrum (Fig. 1B) , indicating that C-5 of 2 was hydroxylated. This was further confirmed by the HMBC correlations of H-5 to C-3, C-4 and C-6 (Fig. 1B) . Therefore, 2 could be identified as 5-hydroxylpiperlongumine. The proton and carbon signals were assigned from the 1D and 2D NMR data and are listed in Table 1 .
The stereochemistry of 2 was determined by Mosher's method. To a solution of 3 mg of 2, 8.8 mg of N,N 0 -dicyclohexylcarbodiimide and 6 mg of 4-dimethylaminopyridine in 400 mL of dry dichloromethane, 9.4 mg of (R)-or (S)--methoxy--trifluoromethylphenylacetic acid (MTPA) was added. The mixture was stirred at room temperature for 7 h. After evaporating the solvent, the residue was purified by reversed-phase HPLC (Agilent Eclipse Plus C 8 column, 5 mm, 4:6 Â 150 mm) * These authors contributed equally to this work.
y To whom correspondence should be addressed. Fax: +1-435-797-1248; E-mail: jixun.zhan@usu.edu 16) Since the left and right sides of the MTPA plane respectively showed positive and negative Á SÀR values (Fig. 1C) , the absolute configuration of C-5 was determined to be R. The structure of 2 could therefore be characterized as that of (R)-5-hydroxylpiperlongumine.
In order to establish the time-course characteristics for the bioconversion process, B. bassiana ATCC 7159 was grown in a 250-mL Erlenmeyer flask containing 50 mL of a PDB medium. After growing for 2 d at 28 C with constant shaking at 250 rpm, the culture was fed with 100 mL of a 50-mg/mL solution of 1 in DMSO. A fraction (500 mL) of the fermentation broth was taken every 12 h after adding the substrate and centrifuged at 15,000 rpm for 10 min. A 100-mL amount of the supernatant was directly injected into HPLC. The substrate conversion rate was calculated as the ratio of the area of the substrate peak in samples at different times to that at 0 h. Figure 2 shows that 1 had been efficiently hydroxylated by the fungus, about 60% of the substrate being transformed after 36 h. 1 was completely converted into 2 by B. bassiana after 72 h.
It has been reported that B. bassiana ATCC 7159 can catalyze diverse enzymatic reactions, using a very broad range of natural products as substrates. One of the reactions is biohydroxylation which has been shown to be catalyzed by various cytochrome P450 (CYP) enzymes. 17) In this present study, 1, which can selectively kill cancer cells, was specifically hydroxylated at C-5 by B. bassiana, likely being catalyzed by a CYP enzyme in the host. Stereoselective hydroxylation of unactivated carbon atoms is generally a very daunting task in modern synthetic chemistry. 18) In this work, the substrate was efficiently (100%) hydroxylated by B. bassiana. This new hydroxyl group can then be used to introduce other functional groups for further structural optimization. Additionally, the resulting (R)-5-hydro- xypiperlongumine, 2, may have improved water solubility and biological activities. This is the first report on the preparation of a new derivative from 1 through microbial transformation. Future studies of 2 will include oxidase-and other binding assays, as well as a structureactivity relationship analysis in order to evaluate the therapeutic potential of this molecule. A time-course analysis of this in vivo hydroxylation showed that 1 could be completely transformed into 2 within 72 h. Other strains including Aspergillus candidus, Streptomyces minoensis and S. roseiscleroticus were also tested, but none was able to transform the substrate. B. bassiana ATCC 7159 is therefore an efficient biocatalytic tool for preparing this hydroxylated derivative.
